Frequency and voltage of embedded variable speed wind turbine (VSWT) driving a permanent magnet synchronous generator (PMSG) is strongly affected by wind speed fluctuations. In practice, power imbalance between supply and demand is also common, especially when VSWT-PMSG is connected to a weak micro grid (MG). If load demand fluctuations become high, isolated MG may be unable to stabilize the frequency and voltage so that battery storage needs to be installed into the MG to adjust energy supply and demand. To allow flexible control of active and reactive power flow from/to battery storage, grid-supporting inverters are used. For a system that contains highly nonlinear components, the use of conventional linear proportional-integral-derivative (PID) controllers may cause system performance deterioration. Additionally, these controllers show slow, oscillating responses, and complex equations are required to obtain optimum responses in other controllers. To cope with these limitations, this paper proposes PID-type fuzzy controller (PIDfc) design to control grid-supporting inverter of battery. To ensure safe battery operating limits, we also propose a new controller scheme called intelligent battery protection (IBP). This IBP is integrated into PIDfc. Several simulation tests are performed to verify the scheme's effectiveness. The results show that the proposed PIDfc controller exhibits improved performance and acceptable responses, and can be used instead of conventional controllers.
Introduction
VSWT-PMSG is a promising wind turbine system due to its ability to extract maximum power from fluctuating wind resources. PMSG can operate at low wind speeds so that a gearbox is no longer needed. This feature may reduce the cost and is suitable for small-scale applications. The VSWT-PMSG power varies with the wind speed, so this can lead to poor performance of frequency and voltage of MG [1] . To obtain better performance, both in terms of technical and economical, VSWT-PMSG needs some reliable control strategies. This is usually done with the help of power electronics devices, for example an inverter. In most cases in the distributed generations (DG), the inverter is connected in parallel with other inverters so that the inverter controller should be designed appropriately.
Many researchers have considered the control strategies of parallel-connected inverters [2] [3] [4] [5] . Most control strategies are based on the droop method. Use of this method for inverter control was proposed by Chandorkar et al. [3] . Their goal was to have accurate load sharing among the inverters. Parallel inverter operation was also discussed by Kawabata et al. [4] . However, this study only focused on safe inverter operation. The dynamic voltage and frequency responses of the output inverters were not discussed. Control strategies for nonlinear load sharing by regulating the inverter output voltage bandwidth have been proposed [6] . Novel control structures that include virtual resistors and reactors to adjust the output impedance were developed in [7, 8] , respectively. However, these control strategies have two limitations. First, there is a trade-off between voltage regulation and load sharing. Second, the proposed controllers have slower dynamic responses. To overcome these limitations, a new control strategy was proposed by Guerrero et al. [9] . The scheme uses a wireless controller by including a supplemental transient droop characteristic in the conventional static droop method. However, the main problem of this scheme lies in the measurement noise and proportional load sharing accuracy. The first problem was overcome using H-∞ controllers [10] [11] [12] . But, the main drawback of this controller for real implementation is that the H-∞ technique requires high levels of mathematical understanding [13] . The second limitation of the droop controller proposed in [9] was overcome by Qing-Chang [14] . However, for a system that contains highly nonlinear components, the use of linear conventional PID controllers may weaken the system performance.
Rather than using high levels of mathematical understanding, this paper proposes a simple method based on PIDfc to define the relationship between input information and output action. Furthermore, fuzzy-based controller is suitable for highly non-linear components. Based on the literature review carried out by Pandey et al. [15] , however, little research has been conducted in this area. Similar studies were discussed in [16] . However, grid-connected inverter control, which is the subject of this work, has not been discussed. Additionally, voltage control is not taken into account.
As flooded deep-cycle lead-acid batteries are used, safe battery operation should be considered in designing controller of the grid-supporting inverter. The battery should not be overcharged or overdischarged because it may shorten the battery life and damage the battery. To accommodate these limitations, we propose a new controller strategy scheme called intelligent battery protection (IBP). The SOC (state of charge) is used as input signal in the IBP scheme. The output of IBP acts as intelligent protection signal which is then sent to PIDfc as additional input. Figure 1 shows the configuration of isolated embedded VSWT system. It is assumed that this prototype is used for non-urban electrification and is located on coastal area with flat terrain. MG/diesel generator behaves as the main power supply and has 31 kVA capacity. All of the energy sources are used to meet dynamic household and agricultural electricity demand.
System Model

VSWT-PMSG Characteristics and Modeling
The wind turbine model used in this simulation is manufactured by Fortis Wind Energy. It has 7-meter span blades. The company claims that this turbine can generate 10 kW of power at 13 m/s of wind speed [17] . The v-P (wind speed-power) characteristic of this turbine is shown in Figure 2 . By using polynomial regression, such a characteristic can be modeled by (1). 4 3 2
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where v is wind speed in m/s and P w is wind turbine power. The tower on which the wind turbine is mounted has 30 m height and is located on 5 m from MG bus. 
Lead-Acid Battery Model
The non-linear dynamic model of lead acid battery used is adopted from [18, 19] and is available in Matlab/ Simpowersystem library. Table 1 lists the parameters used in the simulation. One of important parameters of lead acid battery is SOC. SOC represents available energy capacity of the lead acid battery. In this paper, the SOC value is limited between 30% -90% and is used as one of primary input signals of IBP.
Inverter Control
The output impedance of the inverter is usually very inductive, Z∠θ = X∠90˚, therefore, the flow of real and reactive power from grid-connected inverters can be expressed by (3) and (4) [9] . (2) and (3), the active and reactive power is predominantly be affected by the value of phase angle, δ and inverter output voltage, E, respectively. In other words, by adjusting P and Q, the frequency and voltage can be determined. Figure 3 shows a schematic diagram of the proposed inverter controller of the VSWT-PMSG. The use of PMSG can provide some major simplifications because it does not require excitation current so as to save costs and improve efficiency [20] . Voltage and frequency output of VSWT-PMSG fluctuate with wind speed so that the output of VSWT-PMSG need to be converted into DC voltage by using rectifier and is stabilized by synchronous buck converter. The PMSG and rectifier are completely uncontrollable. Thus, active and reactive power transfer can only be realized by controlling the inverter. For a given MG bus voltage, based on (2) and (3), the real and reactive power can be controlled by regulating the angle δ and amplitude of inverter output voltage, E. The regulation can be realized by varying the sinusoidal reference magnitude, U and phase angle, δ w , with respect to the MG voltage. The frequency of sinusoidal modulating reference signal must equal to that of MG. Therefore, signal from PLL (ωt) is used as reference. Limiter L v is used to limit the amplitude of reference voltage U not higher than that of the carrier voltage. VSWT-PMSG is operated under unity power factor so that reactive power reference is set to 0.
VSWT-PMSG Inverter Controller
The rated wind speed for the VSWT-PMSG is 13 m/s. If the wind speed is higher than 13 m/s, VSWT-PMSG power is limited at the rated power value. A limiter Lf is used to realize this strategy. Below the rated wind speed, the VSWT-PMSG follows the power output conditions as it is defined in (1).
Battery Inverter Controller
PIDfc is first introduced by Wu Zhi and Mizumoto in 1996 [21] . The interesting feature of this controller scheme is that it is quite simple and has reduced overshoot if the gain factors are selected properly. The implementation of PIDfc scheme in the inverter controller is shown in Figure 4 . Two PIDfc blocks are used to regulate frequency and voltage of the MG. The PIDfc scheme is designed such that the deviation of the frequency and voltage of the MG does not exceed 2% and 5% respectively [9] . Figure 5 shows input and output membership functions (MFs) of FLCf and FLCv. The rule bases table for both FLCf and FLCv is listed in Table 2 . IBP is realized by using two hysteresis relays (Relay 1 and 2). Relay 1 is used to protect the battery from overcharge condition. Relay 1 will be ON only if the SOC of the battery is equal to 90%. It remains ON until the SOC drops to 80%. When the SOC is equal to 90% and the battery current is negative, then the battery is disconnected from the MG. Meanwhile, Relay 2 is intended to protect the battery from over-discharge conditions. If the SOC is equal to 30%, Relay 2 will be ON. With this condition, the controller will force the battery to absorb electrical power from MG whose value is proportional to the available power from diesel generators. Available power from diesel generator can be expressed by (4).
S d_n is nominal power capacity of diesel generator (31 kVA). Meanwhile, Q d and P d are measured reactive and active power of diesel generator respectively. To prevent excessive charging current, limiter block is used. It should be noted that Relay 2 will remain ON until the SOC of the battery rises to 50%.
Simulation Results
Several simulation tests are performed to verify the performance of proposed PIDfc controller. Then, the simulation results of PIDfc are compared with that of conventional PID controller. To analyze the significance of battery in regulating frequency and voltage of MG, the simulation results are also compared with that of the system in which the battery is not used. Load changes dynamically with constant power factor, i.e. 0.93. To obtain best performance, parameters of PIDfc and conventional PID controllers for all simulation cases are obtained by using trial-and-error method. The parameters of PIDfc controller are listed in Table 3 . Matlab/Simpower system software is used to simulate the model.
Active power profiles of diesel generator, VSWT-PMSG, battery and load are shown in Figure 5 . Meanwhile These results confirm that PIDfc exhibits improved performance than that of conventional PID controller. The sudden load changes are compensated by diesel generator because it can absorb or deliver power faster than the battery. The negative value of battery current indicates that the battery is being charged and vice versa. We can see from Figure 7 that the maximum current of the battery is equal to 60 A which confirms to the nominal discharge current value listed in Table 1 . The active power delivered by VSWT-PMSG is proportional to the v-P characteristics as defined in Figure 2  and (1) . In other hand, the reactive power delivered from VSWT-PMSG is equal to 0. It indicates the VSWT-PMSG is operating at unity power factor as aforementioned design in Section 3.1. Figures 8 and 9 show the frequency and voltage profiles for both using PIDfc and conventional PID controller. To verify the effectiveness of PIDfc controller quantitatively, the following performance index is used:
ISE is integral squared error. Meanwhile, e and T are frequency/voltage error and simulation time respectively. This table verifies that PIDfc shows better performance than conventional PID controller, as shown in the lower value of ISE for both voltage and frequency. Moreover, this table signifies that the battery plays an important role particularly when power unbalance between supply and demand occurs in isolated MG system. Battery may also provide a way to operate diesel generator in more efficient manner. Any extra power can be used to charge the battery during low load time and energy can be extracted during peak times. Although the initial cost of the battery installation is expensive, fuel savings are much greater than the initial extra cost for remote area application.
Conclusion
In this paper, a PIDfc controller for battery grid-supporting inverter in embedded VSWT-PMSG has been presented. In order to protect the battery from overcharge and overdischarge condition, IBP is introduced and integrated with PIDfc controller. Simulation results show that PIDfc has lower ISE than that of conventional PID controller. It indicates that PIDfc exhibits significantly improved performance and can be used instead of conventional controllers. 
